Al-Li alloys with the lower density and acceptable mechanical properties relative to conventional aluminum alloys possess great application potential in the aerospace field. Their anticorrosion behaviors attract research and industrial interests due to the incorporation of lithium element. In this study, Al-Li alloy 2A97 was subjected to face-milling and grinding-polishing operations. The face-milled and ground-polished surfaces were characterized by electrochemical impedance spectroscopy and potentiodynamic polarization measurements. The observations, including the brighter corroded surface, the higher impedance, lower corrosion current density, and nobler corrosion potential, suggested the superior corrosion resistance of the face-milled surfaces. The superiority in the corrosion resistance was attributed to the surface work hardening induced by the milling process. According to the variation trend of current density, the anodic branches of the polarization curves of the specimens were divided into three phases: preferential dissolution, protection enhancement, and breakdown. The three phases were identified by assuming that the protective effectiveness provided by the film on the alloy surface was proportional to its equivalent thickness. The small potential window of the passivation region indicated that the anodic protection method was unsuitable to protect alloy 2A97 in chloride-containing media.
I. INTRODUCTION
Compared to conventional aluminum alloys, the addition of lithium to form Al-Li alloys yields some favorable features including lower density, higher specific strength, and higher specific stiffness. These advantages make Al-Li alloys promising materials for use in aerospace applications [1] . In practice, numerous Al-Li alloys with certain grades have been successfully used in spacecraft and aircraft to improve flight capability and lower flight cost. Taking alloy AA2099 as an example, a weight saving of 14.7% was achieved when it was used in major structural parts of aircraft wings [2] . The use of lighter parts in ground-based transportation (i.e., automobiles and trains) is also an effective The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. approach to improve fuel efficiency and decrease the emission of carbon dioxide. Thus, Al-Li alloys are materials with great application potential, which means that they deserve thorough investigation.
A limitation of Al-Li alloys is their poor resistance to corrosion because of the intrinsic reactivity of lithium. Therefore, improving the corrosion behavior of Al-Li alloys has attracted widespread attention [3] - [6] . Some researchers have focused on optimizing alloy composition to increase corrosion resistance [7] , [8] . Others established the correlation between heat treatment and the anticorrosion properties of Al-Li alloys [9] , [10] . The influence of surface machining on the corrosion resistance of Al-Li alloys has been largely overlooked.
The early stage of corrosion strongly depends on surface conditions. Surface machining directly affects surface configuration and thus further corrosion performance. When it comes to manufacturing parts, especially precision parts, grinding and milling are always applied in the last step during surface preparation to meet geometric and dimensional specifications as well as functional requirements. Hand finishing is even required in some cases. Acharyya et al. [11] compared the electrochemical behavior of milled and ground specimens of 304L stainless steel in borate buffer solution. They found that the ground sample exhibited a higher current density within the passivation region and more negative corrosion potential (E c ). Turnbull and colleagues investigated the susceptibility of stainless steel 304 prepared with different surface treatment methods to stress corrosion under simulated atmospheric corrosion conditions [12] . They concluded that the pitting corrosion of the ground surface was more severe than that of the milled one, although the surface roughness of the latter was larger than that of the former. Liu et al. [13] found that a machined surface was more electrochemically active than the corresponding bulk alloy after face-milling Al alloy AA7150-T651. They attributed this behavior to the higher density of grain boundaries and element segregation within the near-surface deformed layer introduced by the milling operation. The influence of grinding on the corrosion behavior of Al-Li alloys has been studied [14] . However, considering the low efficiency of grinding and the likelihood that milled surfaces possess enhanced corrosion resistance compared with that of ground surfaces, it is desirable to use a high-speed milling process to produce surfaces with suitable corrosion resistance.
In this study, Al-Li alloy 2A97 is treated by face-milling and grinding-polishing operations. The corrosion performance of the samples, which is reflected by their electrochemical behavior, is characterized by electrochemical impedance spectroscopy (EIS) and polarization measurements. The anodic branches of the polarization curves of the samples are divided into three phases based on the variation trends of current density. The results illuminate the effects of different surface treatment processes on the anticorrosion properties of alloy 2A97, which will provide guidelines for practical production of relevant parts. These research findings could also motivate the further application of Al-Li alloys.
II. MATERIAL AND METHODS

A. SPECIMEN PREPARATION
Hot-rolled blocks of 2A97 alloy obtained from one batch were chosen as the research object. Table 1 details the chemical composition of the 2A97 alloy.
The surfaces of specimens were processed by grinding and subsequent mechanical polishing (denoted as GP) or face milling (denoted as M) in this research. The surface roughness of the specimens was kept at the same level to eliminate the effect of surface roughness on surface corrosion behavior [15] - [18] . The measured surface roughness of the face-milled specimen after the milling operation was used as a measure to determine the surface roughness of the sample subjected to grinding and subsequent polishing. The specimens were divided into two groups for surface treatment. Specimen M was treated as follows. (I) Up-milling operations were conducted on blocks of alloy 2A97 under dry machining conditions using the process parameters described in our previous work [19] . (II) Specimens with dimensions of 10 × 10 × 6 mm were cut from the milled block using electric discharge machining (EDM). For specimen GP, a specimen with the same dimensions as that of specimen M was acquired from a block of 2A97 alloy by EDM. After mounting using cold epoxy, #400 and #800 waterproof abrasive papers were used to efficiently grind away the surface damage caused by EDM. The ground surface was ground further and then polished to obtain specimen GP. The detailed treatment processes for two types of specimens can be found in [20] .
B. SPECIMEN CHARACTERIZATION
The surface roughness, residual stresses, and microhardness of the specimens were characterized. Surface roughness S a (i.e., the average height of a selected area) and the corresponding surface morphology were determined with a laser confocal microscope (Keyence Company Ltd.). Specimens were cleaned for 10 min in ethanol in an ultrasonic bath before characterization. Surface residual stress of specimens was measured by cosα method using a µ-X360 X-ray residual stress analyzer (Pulstec Industrial Company Ltd.) equipped with Cr Kβ radiation. Two measurements (i.e., σ 1 and σ 2 ) from two mutually vertical directions were carried out to represent the stress state of one point on a specimen surface. For specimen M, σ 1 and σ 2 represented the residual stress in the directions parallel and perpendicular to the feed direction, respectively. For specimen GP, the two measurement directions were parallel to the adjacent edges of the tested surface. As for the microhardness measurements, a microhardness tester FM-800 with a load of 25 g and duration of 15 s was used. Five measurements for every term (i.e., surface roughness S a , surface residual stress in two directions σ 1 and σ 2 , surface microhardness) were performed to ensure the reliability of data and then the average was calculated. After these measurements above, the M and GP specimens were cut by EDM and then epoxy mounted, exposing their cross sections. The exposed cross surfaces were gradually ground and polished to mirror-like planes and then etched with Keller's reagent (1.0% HF + 1.5% HCl + 2.5% HNO 3 + 95% H 2 O, volume fraction). The laser confocal microscope was utilized to observe the subsurface microstructures for the M and GP specimens.
C. ELECTROCHEMICAL MEASUREMENTS
Each specimen was subjected to ultrasonic cleaning in ethanol for 5 min. After drying, the back surface of each specimen was connected to a copper wire. The joint and four side surfaces of the specimen were then sealed using modified acrylate adhesive, leaving only the machined surface with dimensions of 10 × 10 mm exposed. The electrochemical measurements were performed at 20 ± 2 • using an electrochemical workstation (CS310, Corrtest Instruments Company Ltd.) with naturally aerated 3.5 wt% sodium chloride solution as the electrolyte. In the test system, the ground/polished or milled surface acted as the working electrode, a saturated calomel electrode (SCE) was the reference electrode, and two symmetrically arranged pieces of platinum foil behaved as the counter electrode.
Each specimen was immersed in the electrolyte solution for 45 min to stabilize the open circuit potential (OCP). EIS was performed at the OCP by applying a 10 mV AC stimulus signal in the frequency range between 100,000 and 0.01 Hz. All data obtained from EIS measurements were processed using ZSim software. Potentiodynamic polarization measurements were carried out at a scan rate of 1 mV/s within the potential range between −50 and 800 mV relative to OCP. A large volume of the electrolyte solution relative to the working electrode area was used and fresh electrolyte solution was employed for every specimen to ensure the reliability of experimental data and eliminate any potential effect caused by the change of electrolyte solution composition. After the measurements, the corroded surface morphology of specimens M and GP was observed with the laser confocal microscope.
III. RESULTS AND DISCUSSION
A. RESULTS OF SPECIMEN CHARACTERIZATION
The measurement results obtained for the specimen characterization are listed in Tables 2 and 3 . The surface morphology of both M and GP is displayed in Fig. 1 . From Tables 2, 3, and Fig. 1 , the surface roughness of specimen M and GP were roughly the same, which resulted from the deliberate control of polishing operations, whereas the clear difference existed between the surface morphology of M and GP. The feed marks induced by the face-milling operation appeared on M surface (Fig. 1a) ; while no obvious mark associated with a specific direction appeared on GP surface ( Fig. 1b) . Additionally, the surface residual stress and microhardness of the specimens were different. Residual tensile stress in both measurement directions was generated on the surface of the specimen M, whereas residual compressive stress was observed for specimen GP. As for microhardness, specimen M, which underwent severe plastic deformation during the milling operation, displayed higher microhardness than that of specimen GP. These differences could affect the surface anticorrosion behavior of the specimens to some extent [21] , [22] . The subsurface microstructures for specimens M and GP are depicted in Fig. 2. From Fig. 2 , large grains (even larger than 1 mm) were clear in both the two subsurface microstructures. No refined grain that had been expected was found, and this could be related to the difficulty in refining the original large grains. It is in agreement with our previous work [19] .
B. EIS MEASUREMENTS
EIS is a non-destructive process that was used here to determine the corrosion resistance of alloy 2A97 in 3.5 wt% sodium chloride solution [23] . The EIS results are illustrated by the Nyquist plots shown in Fig. 3 . The Nyquist plots for the two specimens are similar in shape; namely, each impedance spectrum is composed of a capacitive semicircle at higher frequency and an inductive arc at lower frequency. The capacitive feature is related to the interface between the alloy test surface and electrolyte, indicating the presence of a protective oxide film on the specimen surface [14] . The appearance of an inductive arc is generally attributed to the poor stability of the oxide film [24] . The similar shape of the impedance spectra of the two specimens indicates that the reactions between the electrolyte and Al-Li alloy specimens were almost the same, whereas the different radii of the arcs reflect the variation of corrosion reaction resistance and evolution. The larger the radius, the greater the resistance to the corrosion reaction, which means the corresponding specimen surface has improved anticorrosion behavior. Comparison of the spectra for the two specimens revealed that the diameter of the impedance spectrum for specimen M was about fourfold greater than that for sample GP. Therefore, the surface that underwent milling process possessed superior corrosion resistance to that subjected to grinding and polishing operation. The enhancement could be related to the surface characteristics of alloy specimen M, especially its higher microhardness when the roughly equal surface roughness values of these two specimens and the detrimental residual tensile stress on specimen M surface were observed. The mechanism behind the favorable improvement of anticorrosion performance induced by work hardening is being investigated in our parallel study. Figure 4 depicts the polarization curves for specimens M and GP. The Tafel extrapolation method was used to obtain E c and the corrosion current density (I c ) from the polarization curves. E c for specimen M (−0.75 V vs. SCE) was nobler than that for specimen GP (−0.91 V vs. SCE) and I c for specimen M (0.135 µA·cm −2 ) was lower than that for GP (0.267 µA·cm −2 ) [20] . These comparisons of corrosion parameters further confirmed the improved anticorrosion performance of the surface processed by milling compared with that subjected to grinding /polishing. Besides these observations, tortuousness of the anodic branches of the polarization curves was clearly observed. According to the variation trends of current density, the anodic branches of the curves were both divided into three phases. These phases are related to the change of the protective film formed on the tested surfaces. Based on the assumption that the effectiveness of the protection provided by the film is proportional to its equivalent thickness, Eq. (1) can be used to describe the three phases involved in the anodic dissolution of alloy 2A97.
C. POTENTIODYNAMIC POLARIZATION MEASUREMENTS
where h is the equivalent thickness of the protective film, t represents the time since the anodic dissolution began, v g and v d are the growth and dissolution rates of the film, respectively, and V represents the resultant speed. Before the dissolution of alloy 2A97 starts, namely, before phase I, the atomic-scale reaction of Al with oxygen in the air and even in the liquid forms a compact and uniform oxide film on the alloy surface that protects the alloy from attack in harsh environments. However, surface defects are inherently generated by milling, grinding and polishing processes, such as fractured grain boundaries, mechanical damage, and dislocations. Once a specimen is immersed in the electrolyte solution, chloride ions (Cl − ) are preferentially adsorbed at defects, as schematically shown in Fig. 5(a) . In Fig. 5(a) , h 0 signifies the equivalent thickness of the pre-existing oxide film before alloy dissolution starts, and its effectiveness at alloy protection is presented in Fig. 6  (stage t 0 ) . Within the potential range involved in phase I, where the alloy is being attacked, Cl − with a small radius penetrates into the protective oxide film by migrating through oxygen vacancies [25] or/and along grain boundaries within the film [26] to reach the oxide film/alloy interface. The concomitant dissolution of the oxide film is also possible considering the weak bonds between vacancy defects and the bulk oxide [27] . Then, the dissolution of Al atoms within area A and B shown in Fig. 5(a) occurs through three consecutive one-electron transfer processes [28] , [29] with the assistance of Cl − , which have a greater effect on pitting corrosion than that of hydrogen ions [30] . During the dissolution process at preferential sites, the current density keeps increasing, which constitutes phase I (Fig. 4) . Accompanied by the dissolution of the local alloy and oxide film is the reaction of metal ions with hydroxide ions, as shown in Fig. 5(b) . The products are deposited on the corrosion surface, resulting in a partly protective corrosion layer [31] , [32] . Meanwhile, the Al atoms that are freshly exposed and escaped from oxidation to ions reacted with oxygen atoms in the electrolyte to form a new protective oxide film. At this point, the film that could provide corrosion resistance includes a corrosion product layer and oxide film. The situation could resemble that shown in Fig. 5(c) , where h 1 in Fig. 5(c) represents the present equivalent thickness of the still-existing protective film. Over time, the impetus for the corrosion reaction at the preferential locations weakens because the previous defects are consumed. Additionally, the resistance of the reaction increases because the accumulation of corrosion products slows the diffusion rates of corrosion reactants and products. Therefore, the growth rate of current density decreases when close to the end of phase I. The most noteworthy feature of phase II (recognized as the passivation region) is that the current density decreases. Within the potential range that involved in phase II, the production rate of the protective film (corrosion product layer and newly formed oxide film) exceeds the dissolution rate of the oxide film. Therefore, enhanced corrosion protection is observed, as schematically shown in Fig. 6 (stage t b and t c ) and the current density decreases, as illustrated for phase II in Fig. 4 . The potential range within phase II is small for the following reasons. First, although the current density decreases, it is still at least two orders of magnitude greater than that when the dissolution of alloy 2A97 just starts, as shown in the polarization curves (Fig. 4 ). This means that at this stage, the alloy is being quickly dissolved. The oxide film gets thinner and thinner, and the specimen surface covered by the oxide film becomes smaller and smaller. Consequently, the protective effectiveness of the oxide layer is limited, as illustrated in Fig. 6 (stage t c ) . More importantly, with increasing electric field intensity caused by the gradually enlarging scanning potential, the limited protective effectiveness would be easily negated by the large number of Cl − . Therefore, after the small potential window of phase II, the total protective effectiveness weakens until it becomes negligible, as depicted in Fig. 6 (the stage after t c ). In other words, the transition from phase II to phase III indicates the breakdown of the protective layer. In phase III, the alloy continuously dissolves and the current density increases again.
Overall, the polarization curves reflect the competition between the corrosion reaction and protective effectiveness under an applied electric field. The variation of the total protective effectiveness provided by the protective film on the specimen surface over time is schematically depicted in Fig. 6 . Before the anodic dissolution starts, the pre-existing oxide film is completely responsible for the protective effectiveness (Fig. 6, stage t 0 ) . Once the dissolution begins, the oxide film gets thinner and a corrosion product layer appears. The protective effectiveness relies on the still-existing oxide film and newly formed corrosion product layer (Fig. 6 , stage t a to t d ). When the protective film breaks down, the total protective effectiveness weakens until it becomes negligible and consequently the corrosion continuously proceeds without much resistance (Fig. 6 , the stage after t c ). Only a small potential window of phase II wherein the corresponding current density was up to 10 −5 A·cm −2 was observed for alloy 2A97, indicating that anodic protection is not suitable to protect Al-Li alloy 2A97 from corrosion in chloride-containing media.
After the potentiodynamic polarization measurements, the surface morphology of the face-milled and groundpolished surfaces is depicted in Fig. 7 . It is clear that the corroded surface of M (Fig. 7a) , on which the feed marks were still clear, was brighter than that of GP (Fig. 7c ). There were more corrosion pits on GP corroded surface than those on M corroded surface, and the depth-diameter ratio of the corrosion pit on the former (Fig. 7d ) was larger than that on the latter (Fig. 7b ). Two pits that both exceeded 5 µm in depth direction appeared on a specific scanning line on the GP corroded surface, as shown in Fig. 7 (e). All these observations indicate that the surface GP underwent more serious corrosion than surface M.
IV. CONCLUSION
The electrochemical behavior of Al-Li alloy 2A97 with face-milled and ground-polished surfaces was compared and investigated using EIS and polarization measurements. The following conclusions were reached:
(1) Surface treatment affected surface corrosion of the specimens. The observations, including the brighter corroded surface, the higher impedance, lower corrosion current density, and nobler corrosion potential, suggested that for alloy 2A97, the surfaces subjected to milling possessed superior corrosion resistance compared with those processed by grinding and subsequent polishing. The comparisons of the properties of these surfaces revealed that the work hardening of the milled surface contributed to the observed improvement of corrosion behavior.
(2) The short-lived enhancement of the protective effectiveness provided by both the corrosion product layer and oxide film contributed to the transient passivation region of the polarization curves of the specimens. The small potential window of the passivation region indicated that the anodic protection method was inappropriate to protect Al-Li alloy 2A97 from corrosion in chloride-containing media. His research interest includes the processing of the functional materials and its application in medical implant products. VOLUME 7, 2019 
